Glutamine synthetase was purified from the cerebral cortex of adult rats and characterized. Polyclonal rabbit antibodies were raised against the enzyme, purified and their specific anti-(glutamine synthetase) activity determined. A primary astroglial culture was prepared from newborn Sprague-Dawley rats. Astrocytes at different ages of development were incubated in the presence and absence of glucose. In glucose-deprived conditions the specific activity of glutamine synthetase decreased. This decrease was more pronounced in 8-day-old than in 21-day-old cultures. Kinetic analysis demonstrated that the reduction in activity was mainly related to a decrease in V max . By immunoprecipitation, it was shown that the number of enzyme molecules in astrocytes was decreased in glucose-deprived conditions. On
INTRODUCTION
Glutamine synthetase (EC 6.3.1.2) is a key enzyme the product of which, glutamine or more specifically its amide nitrogen, is utilized in a variety of compounds such as purine and pyrimidine nucleotides, amino sugars and several amino acids. Glutamine synthetase is also involved in the metabolism of neurotransmitters and the detoxification of ammonia in the brain [1, 2] . It has been extensively investigated by many authors [3, 4] . Krebs [4] demonstrated that ammonia disappears from guinea-pig kidney and brain preparations when glutamate is added. Speck [5] has provided evidence that ATP is an important energy source in the synthetic reaction of glutamine. Hypoglycaemic encephalopathy has been associated with several metabolic features such as a reduction in ATP concentration in the brain and an increase in ammonia [6, 7] . Moreover, protein synthesis has been reported to be inhibited [8] .
Glutamine synthetase is primarily localized in astrocytes [9] . Its function is related to glutamate uptake, essential for the extracellular removal of the excitatory neurotransmitter with neurotoxic potential [10, 11] . When cultured or isolated adult astrocytes are deprived of glucose, there is a substantial decrease in ATP and phosphocreatine concentrations at a time when synaptosomes do not seem to be affected [9, 12, 13] . The astrocyte seems to be the first cell to be affected by a lack of -glucose. Since the supporting effects of glial cells in neuronal function are well recognized, it was deemed of interest to investigate the fate of glutamine synthetase, an essential link in astrocyte physiology, during a period of glucose deprivation. Its activity was monitored during glucose deprivation and kinetic characteristics were determined. Subsequently, total enzyme mass and glutamine synthetase synthesis and degradation were investigated. Finally, Abbreviation used : DMEM, Dulbecco's modified Eagle's medium. * To whom correspondence should be addressed.
addition of glucose, a total recovery of glutamine synthetase was obtained after 36 h in 8-day-old culture. Rates of degradation and synthesis were investigated. When compared with an incubation in the presence of glucose, glucose deprivation increased enzyme turnover, as estimated from the first-order disappearance of radioactivity from glutamine synthetase. Synthesis rate was estimated from the incorporation of [$&S]methionine during a 2 h incubation period and was decreased in glucose-deprived conditions. Trichloroacetate-precipitable proteins changed only slightly in the experimental conditions, and total protein did not vary significantly during the experimental period. A mathematical model is presented which attempts to integrate degradation and synthesis in our experimental model. a mathematical model was developed to integrate synthesis and degradation and to estimate the global effect of the two phenomena in our cellular system.
MATERIALS AND METHODS
All the chemicals used were purchased from Sigma, St. Louis, MO, U.S.A. Culture media and materials were purchased from Sigma and Life Technologies, Gaithersburg, MD, U.S.A.
Tissue culture preparation
A primary astroglial culture was prepared from the cerebral cortex of newborn (less than 24 h old) Sprague-Dawley rats by the method of Booher and Sensenbrenner [14] . Astrocytes were identified by the glial fibrillary acidic protein which was immunologically detected by the method of Bignami et al. [15] . The density of cells plated in dishes was chosen so as to obtain confluence on the day of the experiments. During all experimental procedures the integrity of cellular membranes was monitored by measurement of free lactate dehydrogenase activity in the culture medium.
Glutamine synthetase purification
Glutamine synthetase was extracted from total rat brain cortex and purified by a modified method of Rowe et al. [16] and Yamamoto et al. [17] . All steps of the purification procedure were performed at 4 mC. Purification was carried out to homogeneity as assessed by SDS\PAGE. The specific activity of the purified enzyme in the final eluate was 332 times that in the cortex homogenate. A molecular mass of 358p1 kDa has been computed from data obtained by Sephacryl S300 chroma-tography and by SDS\PAGE. This is consistent with the values obtained by others [16] [17] [18] .
Immunological techniques
Polyclonal rabbit antibodies raised against rat cortex glutamine synthetase were purified [19] and the specificity of the anti-(glutamine synthetase) antibody was checked by immunoblotting [20] . Briefly, an aliquot of a semipurified microsomal fraction was submitted to SDS\PAGE and blotting. It was then incubated with rat anti-(glutamine synthetase) antibody. Only one band corresponding to a molecular mass of 45 kDa was detected and identified as being a subunit of glutamine synthetase. In the negative control experiment carried out with a semipurified preimmune serum, no band was detected.
Cell homogenates were submitted to SDS\PAGE, blotting and immunodetection for glutamine synthetase as described by Towbin et al. [20] . The blots were immunoenzymically detected with a rabbit antibody solution containing 0.05 % 3,3h-diaminobenzidine tetrahydrochloride dihydrate, 0.1 M Tris\HCl, pH 7.6, and 0.03
Measurement of the synthesis and degradation of glutamine synthetase
In order to estimate the synthesis and degradation of glutamine synthetase, the proteins were labelled for different periods of time with [$&S]methionine (Amersham) (0.1 mCi\ml of incubation medium). Before the labelling, incubation cells were placed for 1 h in methionine and calf-serum-free Dulbecco's modified Eagle's medium (DMEM). Pulse-chase experiments were designed to determine the kinetic characteristics of glutamine synthetase degradation under control and experimental conditions. For the rate of synthesis, the t " # of degradation was taken into account, so that in a 2 h incubation period only 5 % of the molecules synthesized would be degraded. Since the incorporation in 15-day-old glucose-deprived cultures was too low to give meaningful results, only 8-and 12-day-old cultures were analysed. At the end of the incubation period, cells were harvested and lysed in a buffer containing 50 mM Tris\HCl, pH 7.4, 0.1 mM PMSF, 0.1 mM EDTA, 1 µg\ml leupeptin and 10 % Triton. Subsequently, an aliquot was precipitated with 10 % trichloroacetic acid, and the rest was immunoprecipitated with the rabbit antibody, centrifuged and analysed by scintillation spectroscopy. The supernatants were assayed for glutamine synthetase activity to confirm completeness of immunoprecipitation. Only 3.96p0.45 % of glutamine synthetase was still present in the supernatant.
Enzyme assays
Glutamine synthetase activity was assayed by the colorimetric method of Berl [21] . Recovery of the enzyme from fractionated astrocytes amounted to 96.45p1.03 %. Lactate dehydrogenase, cytochrome oxidase, malate dehydrogenase and pyruvate kinase were assayed by the methods of Johnson [22] , Appelmans et al. [23] , Ochoa [24] and Bergmeyer [25] respectively. Protein was estimated by the method of Miller [26] .
Mathematical computation
The relationship between synthesis and degradation was analysed by generalizing the mathematical model of Schimke [27] and Arias et al. [28] (see the Appendix).
Statistical analysis
Statistical analysis was performed by either paired t test or analysis of variance as described by Snedecor [29] . Unless otherwise stated, P values are the results of the analysis between controls and experiments.
RESULTS
Glutamine synthetase activity increased progressively with the age of the astroglial cultures in our experiments from day 8 to 21. When the cultures were incubated in glucose-free DMEM, glutamine synthetase activity decreased progressively over a 48 h period. This decrease in activity was more pronounced for cultures of 8 days with a t " # of 43 h (Table 1 ) and less pronounced (t " # 76 h), although statistically significant, for 21-day-old cultures (not shown).
In order to discover whether this decrease in activity was specific for glutamine synthetase, other enzyme activities were assayed including pyruvate kinase, cytochrome oxidase, lactate dehydrogenase and malate dehydrogenase after a glucosedeprivation period of 48 h. None of these enzymes was affected by the absence of glucose. After a 48 h incubation in the absence of glucose (Table 2) , an 8-day-old astrocyte culture recovered 
Figure 1 Immunological detection of glutamine synthetase by Western blot
Astrocyte cultures (8-day-old) after a 48 h glucose deprivation period showed decreased glutamine synthetase immunoreactive product. Lane 1, glutamine synthetase in the presence of glucose ; lane 2, glutamine synthetase after 48 h of glucose deprivation ; lane 3, purified control rat brain glutamine synthetase. Densitometric and photometric measurements showed glutamine synthetase to be 30 % lower in astrocytes in the absence of glucose than in the presence of glucose. Cell homogenates were submitted to SDS/PAGE, blotting and immunodetection for glutamine synthetase as described by Towbin et al. [20] . The blots were immunoenzymically detected with an anti-rabbit peroxidase-linked antibody and the preparation was then treated with a solution containing 0.05 % 3,3h-diaminobenzidine tetrahydrochloride dihydrate, 0.1 M Tris/HCl, pH 7.6, and 0.03 % H 2 O 2 .
its glutamine synthetase activity within 36 h when re-incubated in its control DMEM medium containing 22.5 mM glucose. Kinetic parameters of the enzyme reaction were determined for ATP and glutamate. The measurements were carried out on astrocytes incubated with and without glucose. As can be seen from Table 3 , the apparent K m values did not vary considerably for glutamate or ATP. V max was systematically lower under conditions of glucose deprivation for the two substrates. Accordingly, experiments were designed to confirm the decrease in number of enzyme molecules.
In Figure 1 is shown the results of immunological detection of the enzyme after a Western-blot experiment. When the cells were incubated in a glucose-free medium, the immunologically detected glutamine synthetase decreased. Considering this reduction in the number of immunologically detected glutamine synthetase molecules, experiments were initiated to determine the rates of its degradation and synthesis. First, in order to optimize the experimental conditions, a series of [$&S]methionine incorporations were carried out in controls and in 24 and 48 h glucose-deprived cultures preincubated in methionine-free DMEM. Controls reached a plateau value of incorporation Chase experiments were carried out at different times from time zero to 48 h. In a buffer containing 0.05 M Tris/HCl, pH 7.4, 0.1 mM PMSF, 0.1 mM EDTA, 1 µg/ml leupeptin and 10 % Triton, an aliquot was precipitated with 10 % trichloroacetic acid and the remaining cells were subjected to five successive cycles of freezing and thawing before being immunoprecipitated with rat anti-(glutamine synthetase) antibody. Every sample was analysed for glutamine synthetase-related and trichloroacetate-precipitable radioactivity. Protein was also determined in each sample. Each value represents the mean of three experiments. t 1 2 values were obtained from a linear-regression analysis of a first-order decrease in all data points at different times of the chase. The difference between the control and experimental t 1 2 values was statistically significant (P 0.01).
8-day-old cultures (n l 3)
12-day-old cultures (n l 2) Pulse-chase experiments were carried out to investigate the turnover of trichloroacetate-precipitable proteins and immunoprecipitated glutamine synthetase. To reduce the re-incorporation of labelled amino acid, an excess of unlabelled methionine was added to the chase medium and some experiments were run with and without cycloheximide (0.1 mM). In the presence and absence of cycloheximide the t " # values of glutamine synthetase were respectively 17.56p0.83 and 17.61p0.42 h which are not significantly different. Thus further experiments were run without cycloheximide. The rate of degradation of glutamine synthetase was higher in glucose-deprived preparations than in controls in 8-and 12-day-old cultures (Table 4) . Trichloroacetate-precipitable proteins did not vary from control values in glucosedeprived conditions and the t " # was in both cases 35 h. Total protein did not change over the whole experimental procedure.
In order to investigate the synthesis of glutamine synthetase, astrocytes were incubated with [$&S]methionine for 2 h. As shown in Figure 2 , glucose deprivation in 8-day-old cultures decreased [$&S]methionine incorporation into immunoprecipitated glutamine synthetase. Trichloroacetate-precipitable protein concentration was slightly lower in glucose-deprived conditions but the general trend was unrelated to the phenomenon observed for glutamine synthetase.
A mathematical analysis was performed integrating synthesis and degradation to ascertain the decrease in immunoprecipitated glutamine synthetase. Using a generalized model of the methods of Schimke [27] and Arias et al. [28] (see also the Appendix), the cellular enzyme content, E(t), is described by a linear equation with time-dependent coefficients. This equation has three types of solution which are qualitatively different. Our experimental data show that the evolution of E(t) is given by a function that behaves as the upper curve of Figure 3 . By analysing the asymptotic behaviour of E(t), the following equation (derived as shown in the Appendix) may be written : 
Figure 2 Effects of glucose deprivation on the synthesis of glutamine synthetase in 8-day-old astrocyte cultures
After different time periods in glucose-deprived conditions, the cultures were incubated for 2 h in 2 ml of DMEM free of methionine but containing 0.2 mCi of [ 35 S]methionine. After recovery of the cells in buffer containing 0.05 M Tris/HCl, pH 7.4, 0.1 mM PMSF, 0.1 mM EDTA, 1 µg/ml leupeptin and 10 % Triton, an aliquot was precipitated with 10 % trichloroacetic acid and the remaining cells were subjected to five successive cycles of freezing and thawing before being immunoprecipitated with rat anti-(glutamine synthetase) antibody. Every sample was analysed for glutamine synthetase-related and trichloroacetate-precipitable radioactivity. Protein was also determined in each sample. Each point represents the meanpS.E.M. of three experiments. Percentage of glutamine synthetase (c.p.m.)/trichloroacetate-precipitable radioactivity ranged from 0.17 to 0.21 for controls and from 0.17 to 0.20 for experiments. A paired t test was performed between the controls (jglucose) and the glucose-deprivation experiments : *P 0.05 ; **P 0.01 ; ***P 0.001 ; N.S., not significant. Figure 3 Graph showing the solution of the equation
Now incorporating the experimental data (reduction in synthesis 27 % ; increase in degradation 25 %), the following results can be obtained :
which is qualitatively in good agreement with the experimental results where ∆E l 0.30 E(_) control .
DISCUSSION
In the present investigation, the activity of glutamine synthetase in cultured astrocytes was decreased under conditions of glucose deprivation. This decrease in activity was more pronounced in younger astrocyte cultures than in older ones. After 48 h of glucose deprivation, re-introducing control conditions by adding 22.5 mM glucose allowed total recovery of glutamine synthetase activity. The decrease in activity was relatively specific for glutamine synthetase, as suggested by the unchanged activities of other enzymes. Glutamine synthetase has been reported by many to be prone to inactivation by oxidation [30, 31] . The oxidation would increase the susceptibility of glutamine synthetase to intracellular proteolysis and breakdown [30, 32] . A decrease in glutamine synthetase specific activity has been recorded in a variety of pathological situations, such as ischaemia [33, 34] , hyperoxia [10, 35] , old age [36, 37] , hepatic encephalopathy [38] , intoxication [39] and any situation prone to produce free radicals [34] . To our knowledge, hypoglycaemia or glucose deprivation has never been clearly associated with an increase in free radicals. However, Zhang et al. [36] have suggested that the high ascorbic acid concentration in the hippocampus may reflect its known vulnerability to free radical insults such as insulininduced hypoglycaemia [40] . This suggests that in hypoglycaemia some oxidation of the enzyme may take place. Inactivation by adenylylation has also been reported and cannot be excluded in our experiments [41] .
Previous experiments on astrocyte cultures from other authors [9] and also from our laboratory on isolated adult rat astrocytes [13] have shown that glucose deprivation is associated with a large decrease in ATP and phosphocreatine. Glutamate has been reported to be depleted and ammonia to be increased during hypoglycaemia, which is consistent with some hindrance of glutamine synthetase activity [6, 7] . Since in our experimental set up, i.e. cultured astrocytes with glucose-free DMEM without fetal calf serum, ATP depletion was only 33 % from controls (F. Rosier and J. Mertens-Strijthagen, unpublished work), it was unlikely that ATP reduction alone was responsible for the decrease in glutamine synthetase activity. The reduced specific immunodetection of glutamine synthetase (Figure 1 ) suggested a decrease in enzyme content in astrocytes subjected to glucose deprivation. Glutamine synthetase degradation experiments show that the turnover of the enzyme increased significantly ; on the other hand, synthesis decreased. The small incorporation of trichloroacetate-precipitable protein was slightly reduced which is in accordance with reduced protein synthesis in hypoglycaemia as shown by Kiessling et al. [8] . The mathematical model detailed in the Appendix takes into account the effect of glucose deprivation on the synthesis and degradation of glutamine synthetase. Since the value of 0.42 E(_) control is obtained from our model, it is assumed that 42 % of the immunologically detected enzyme molecules have been depleted. The mathematical model gives a qualitatively good approximation of the decrease in enzyme content. The decline in the glutamine synthetase activity (t " # l 43 h) is accompanied by a faster increase in rate of degradation (t " # l 13 h), which would suggest the presence of a large reserve of glutamine synthetase molecules possibly to ensure astrocytic function in the central nervous system. Moreover, at the 48 h time point, if the reduced activity (66 %) can be roughly accounted for by decreased synthesis (27 %) and increased degradation (25 %), it would appear to be quantitatively unrelated to the reduction in immunodetected glutamine synthetase, densitometrically and photometrically estimated as a reduction of 30 %. This together with the computed value suggests that, besides modifications related to a loss of catalytic activity, the majority of these molecules are still immunoreactive. This is at variance with experiments on cultured Chinese hamster cells in which a reduction in glutamine synthetase activity induced by glutamine, maintained an identical molecular specific activity as defined by Milman et al. [42] . Thus, under our experimental conditions, no reduction in enzyme activity per enzyme molecule was demonstrated and no parallel inactivation could be detected between the enzymic and immunoreactive potential of glutamine synthetase.
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